A vanadium oxide based precursor fine powder was prepared by the reaction of vanadium metal and W-IPA H 2 O 2 aqueous solution, and non-doped VO 2 or W-doped VO 2 fine powder was obtained by heat-treatment of the precursor powder at 650°C in an H 2 /Ar atmosphere. Composite films were fabricated using the non-doped or W doped VO 2 fine powder and transparent urethane resin. The resulting composite films showed a reversible thermochromic property. The transition temperature of the composite using non-doped VO 2 powder was 68.9°C, and that of the composite using 1% W doped VO 2 powder was 46.3°C.
Introduction
Vanadium dioxide VO 2 exhibits a crystallographic transition from a low-temperature monoclinic phase to a high-temperature tetragonal phase at 68°C, resulting in drastic changes in its optical and electrical properties. 1) 3) The transition temperature of VO 2 is near a room temperature, and the transition temperature can be controlled by doping the other metals. 2),4)7) Therefore, VO 2 film can be applied to a thermochromic window and a switching material. 4),6)8) The aim of this investigation is fabrication of tungsten doped VO 2 (hereinafter WVO 2 ) fine powder and fabrication of thermochromic composite films using the VO 2 or WVO 2 fine powder.
In previous, we fabricated VO 2 fine particles by heat-treatment in reduction atmosphere of VO x nanoparticles which were synthesized by direct reaction of metal vanadium and H 2 O 2 aqueous solution without cooling. 9) Metal tungsten was also reaction with H 2 O 2 , 10) thus; we tried to prepare tungsten doped VO 2 fine powder using metal vanadium and tungsten source. In this investigation, to fabricate tungsten doped VO 2 fine particle by aqueous solution, water soluble W-IPA was employed as precursor. the W-IPA was dissolved into the precursor H 2 O 2 aqueous solution as tungsten source, and we fabricate the precursor tungsten doped VO x nanoparticles and sequentially heat-treat the precursor in reduction atmosphere to prepare tungsten doped VO 2 fine powder.
In past, we have reported fabrication of energy efficient window films, which were heat-mirror composite films, 11) photochromic composite films 12),13) and angularly dependent composite films 14) using various filler powders and transparent urethane resin.
In this investigation, we also tried to fabricate a thermochromic composite film using VO 2 or tungsten doped VO 2 fine powders and transparent urethane resin. Distribution of the particles in the composite films was confirmed, and the transition temperature of the VO 2 composite films were directly evaluated by measurement of the transmittance hysteresis loops of the film.
Experimental procedure
Metallic vanadium powder (Wako, Osaka, Japan) and W-IPA were used as the starting materials. Where, W-IPA was synthesized by direction reaction of metal tungsten (Mitsuwa Chemical, Osaka, Japan) and 15% H 2 O 2 solution, and the detail of synthesizing method was described in the previous reports. 10) Vanadium powder was mixed with or without W-IPA dissolved H 2 O 2 solution at room temperature without cooling, where the W-IPA 30% H 2 O 2 solution was prepared with the V/W atomic ratios of 0 to 2%. The mixture reacted vigorously, and a darkbrown powder was obtained. The resulting powder was dried at 100°C to remove residual water, and the dried powder was heattreated at 650°C for 2 h (non-dope VO x powder) and 5 h (tungsten doped VO x powder) in an H 2 /Ar (4% H 2 ) atmosphere.
These VO 2 or WVO 2 powders were used as filler, and liquid urethane polymer (APR M-40; Asahi Kasei Chemicals Corp., Tokyo, Japan), which can be cured by UVvis irradiation, was used as the matrix. The obtained VO 2 or WVO 2 powder was ground with agate mortar. The ground powder was classified by gravity separation in ethanol, and the gravity separation was carried out for 48 h. The supernatant liquid were taken and concentrated, thereby the VO 2 or WVO 2 particle suspension solution was prepared. The solution was mixed into liquid urethane resin at VO 2 or WVO 2 mixing ratios of 0.2 vol %. The mixture was degassed under a pressure of 1 kPa for 1 h to expel the dissolved air introduced during the mixing process. The mixed precursor slurry was placed between flat slide glasses, controlling the precursor film thickness to 80¯m. The composite was cured by irradiation with a 1 kW low-pressure Hg lamp (UVvisible light) and VO 2 or WVO 2 ®urethane polymer composite films were obtained. The resulting composite films were removed from the slide glasses.
The crystal structure of the resulting powder was determined by X-ray diffraction (XRD) using a Miniflex II diffractometer (Rigaku, Tokyo, Japan) with Cu K¡ radiation. The microstructures of the VO 2 or WVO 2 powders were observed by transmission electron microscopy (TEM; EM-002B, Topcon Corp., Tokyo, Japan); the powders were supported on copper grids during the observations. The microstructure of the composite films was observed using scanning electron microscopy (SEM, JSM-6510; JEOL, Japan). The transmittance of the composite films was measured using a Hitachi UV-3410U (Japan) spectrophotometer at a wavelength range of 2002400 nm at various temperatures.
Results and discussion
Non-doped vanadium precursor powder was heat-treated at 650°C for 2 h in H 2 /Ar, and 1, 2 atomic% tungsten doped precursor powders were heat-treated at 650°C for 5 h in H 2 /Ar. Figure 1 illustrates the XRD patterns for the heat-treated powders. All the resulting powders were assigned as the VO 2 single phase, and the other vanadium oxide phases were not observed, and hence tungsten was substitutional solid-solution in VO 2 host phase. Thus, VO 2 or WVO 2 powder with single phase can be successfully prepared by the present fabrication method. To characterize the particle sizes of these powders, TEM observation was carried out. Figure 2 shows the TEM images of the VO 2 or WVO 2 powders. The particle size of all the resultant powders was sub-tens nm to sub-hundreds nm, and secondary particles were formed with these primary particles Using the obtained VO 2 and WVO 2 powders, composite films (hereinafter, VO 2 composite film or WVO 2 composite film) were fabricated with the VO 2 or WVO 2 volume fraction of 0.2 vol %. Where, the resulting powders were aggregated, thereby the powders were classified by gravity separation (the details were described in experimental section). The optical transmittance of the resulting VO 2 , composite film was evaluated at RT and 90°C. As same as the measurement, the optical transmittance of the resulting 1 and 2 atomic% WVO 2 composite films were evaluated at RT and 75 (1 atomic% WVO 2 ) or 70°C (2 atomic% WVO 2 ). Figure 3 illustrates the transmittance at RT and high temperature for the composite films. The broad absorptions at the wavelength of 1745, 2140, 2294 nm were attributed to the urethane. 15) The transmittance around near-IR range of all the composite films decreased with increase of temperature, and increased with decreased of temperature. Thus all the composite films showed a reversible thermochromic property. Increasing the tungsten contents in VO 2 caused decrease of lower optical transmittance change in the infrared region between RT and high temperature. In previous report, 16) the incorporation of W atoms leads to the loss of V 4+ V 4+ pairs, which are essential for the crystal structure of the low temperature VO 2 phase. Elements doping destabilize the low temperature phase, and thus lower the semiconductor-metal phase transition temperature. Tungsten contents in VO 2 increases the concentration of free electrons in VO 2 , and the high doping contents caused the low transmittance of the WVO 2 composite films at the low temperature-semiconducting phase.
The composite films showed a thermochromic property, thus hysteresis loops were measured for these films in order to evaluate a transition temperature. Figure 4 presents the transmittance of the films at a wavelength of 2000 nm with changing temperatures, and the transition temperature of the composite films was determined according to the previous reports. 4),5) The transition temperature of the film using non-doped VO 2 composite was 68.9°C, and the transition temperature was close to the reported values. 1)9) The transition temperature of the composite film using 1 atomic% W doped VO 2 composite was 46.3°C, and the transition temperature of the composite film was 22.6°C lower than that of the non-doped film. In previous reports, a transition temperature of VO 2 decreases 23°C 4) or 17.5°C 5) with 1 atomic% tungsten solid solution in VO 2 . In this investigation, the decreasing degree with tungsten doping was good agreed with the reported value, therefore tungsten was effectively doped in VO 2 host particles on present fabrication method. The 2 atomic% W doped VO 2 composite showed small difference of the transmittance between low temperature phase and high temperature phase, and it speculated that the transition temperature of that was close to or lower than the room temperature. Though the transition temperature of 2 atomic% W doped VO 2 could not be evaluated precisely, the transition temperature of composite films decreased with increase of tungsten contents in VO 2 particles.
Conclusion
Tungsten doped VO 2 fine particles were fabricated by modifying the previous method, which was tungsten doped precursor powder by direct reaction of W-IPA H 2 O 2 solution and metal vanadium. The composite films were fabricated using these VO 2 or WVO 2 particles, and the composite films showed a reversible thermochromic property. The transition temperature of the resulting composite decreased with increase of the tungsten contents in the VO 2 , and it suggest that transition temperature controlled thermochromic composite films could be obtained through the present fabrication method of particles and composites. 
